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Abstract 
Continuous reduction of hexavalent chromium Cr(VI) in aqueous solution by commercial steel wool was investigated 
using glass column over the pH range of 3–7. Nearly 100% reduction took place within the first 10 minutes. The 
maximum reduction was obtained at pH 3, and the rate decreased with increasing initial pH of Cr(VI) solution. The initial 
substrate concentration was varied as 50 mg/L, 80 mg/L and 100 mg/L respectively. There was a gradual decrease in the 
extent of reduction as the initial substrate concentration increased. The breakthrough of the column was observed 
generally at 10 minutes whereas the complete exhaustion took 120 minutes.  Results of this experiment may be utilized for 
modelling, simulation and scale-up in future.   
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1. Introduction 
Chromium is a heavy metal having wide industrial use (e.g. textile dying, tanneries, metallurgy, metal 
electroplating, and wood preservation). Therefore large quantities of chromium are discharged into the 
wastewater from these industries [1]. Adsorption, ion exchange and membrane separation processes are a few 
techniques for the decontamination of Cr(VI) polluted wastewater [2]. These methods merely transfer the 
pollutant from one phase to the other. Some of the conventional methods of treating Cr(VI) include its 
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reduction to the trivalent state since the former is more toxic and mobile compared to the later. The reducing 
agents commonly used are ferrous sulfate, sulfur dioxide, sodium sulfite or sodium bisulfite. Major drawback 
of these methods is the high cost of chemicals used for the reduction and precipitation purposes. In recent 
years, zerovalent iron (ZVI) is being used for the in situ treatment of groundwater contaminated with Cr(VI) 
by chemical reduction in acidic pH.  After reduction the pH of the solution is adjusted to neutral or alkaline, to 
precipitate Cr(III) as hydroxides [3,4]. The process is effective and economical.  The reaction products like 
Fe(II) and Fe(III) compounds, are environmentally benign as well.  Reports are there for the reduction of 
hexavalent chromium by zerovalent iron (ZVI) in batch processes [5], but reports on continuous reactors for 
the same are scarce.  Ozer et al. [5] used steel wool for reduction of hexavalent chromium in a continuous 
column. El-Shazly et al. [6] used scrap iron for the same purpose. The treatment of Cr(VI) polluted 
wastewater in continuous system, by reduction with scrap iron and subsequent precipitation of the resulted 
cations was studied by Gheju and Balcu [8, 9]. They also studied the reduction -capacity of scrap iron 
particles with different shapes and sizes. Effect of change in pH on the reduction of hexavalent chromium by 
scrap iron in a continuous system was investigated by Gheju et al. [10]. Over the pH range of 2.0–7.3, the 
optimum pH for Cr(VI)- reduction was observed as 2.5.  Recently we have published our work with steel 
wool and Cr(VI) [11] in batch mode.  In the present work, we have explored the reduction of hexavalent 
chromium in water in a continuous flow mode using a glass-column packed with a fixed bed of steel wool. 
Steel wool, made out of cold drawn steel wire, is widely used for furniture finishing, domestic surface 
cleaning and manufacture of automotive brake fibre. It is low in carbon-content and typically has high surface 
area to volume ratio.  It is a cheap and easily available material for such reduction.  Time-concentration 
profiles of continuous flow experiments have been studied varying the initial solution concentrations and 
initial pH of the substrate solution. 
2. Materials and methods  
2.1. Materials 
Commercial steel wool has been procured from local market. It was washed with acetone and dilute acid. 
Then it was heat-treated in a muffle furnace at 400oC to drive out the organic impurities and preserved in a 
dessicator to prevent atmospheric hydration. EDX data (not shown) revealed that this ready-to-use steel wool 
contains mainly iron and oxygen and a small amount of carbon. Laboratory reagent grade potassium 
dichromate, concentrated sulphuric acid and sodium hydroxide were procured from SRL Chemicals, India. 
Freshly prepared double distilled water was used for preparing solutions. pH of the solution was measured 
with digital pH meter (Eutech Instruments waterproof pH Testr 20). 
2.2. Analytical methods 
The residual concentration of Cr(VI) in solution was determined using a UV-vis spectrophotometer 
(Shimadzu UV-160A, Kyoto,  Japan) at 370 nm in a 1 cm quartz cuvette against a standard linear (R2 = 0.99) 
calibration curve within the concentration range 0 to 100 mg/L [5,11].  
2.3. Methods 
Reduction experiments were conducted by using a borosilicate glass column (30 cm. height and 3 cm. 
diameter) having four outlets numbered serially from the bottom. The gaps between the outlets were 5 cm. A 
Riviera make Rivotek peristaltic pump of flow rate 0-60mL/minute was used to deliver the simulated 
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wastewater comprising potassium dichromate solution to the bottom of the column [Fig. 1]. 10g of steel wool 
prepared in cylindrical shape was placed on the porous plate in the column. The steel wool packing was 
covered with glass wool. A porous stainless steel plate was fitted on the top of the packing.  A constant 
volumetric flow rate (20mL/min) of the Cr(VI) solution was maintained.  The solution reached outlet-1 after 1 
minute, outlet-2 after 3 minutes, outlet-3 after 5 minutes and outlet-4 after 7 minutes.  20 mL samples of 
reduced solutions were collected at different time intervals from each of the outlets.  The samples were made 
alkaline with few drops of 5(N) NaOH and warmed to 80oC for precipitating the Cr(III) and Fe(III) 
hydroxides.  The reddish green precipitate was filtered with Whatman no. 2 filter paper and the supernatant 
was examined for residual Cr(VI) content.  The standard deviation among the experiments was within ±5%. 
 
Fig. 1. Schematic diagram of the continuous column packed with steel wool 
3. Results and discussions 
Reduction of Cr(VI) with Fe(0), and subsequent precipitation of Cr(III) oxyhydroxides occurs through the 
reactions: 
2Fe0 + Cr2O7(aq)2- + 14H+                         2Fe(aq)3+ +2Cr(aq)3++ 7H2O (1) 
In addition to the above reaction, a simultaneous passivation reaction occurs during ZVI-Cr (VI) contact in 
acidic medium [12, 13].   
xFe(OH)3 + (1-x)Cr(OH)3                 (FexCr1-x)(OH)3     (where x can range from 0 to 1)   (2) 
The decrease in the rate of reduction with time, in case of both batch and continuous processes, observed 
by many researchers can be attributed both to redox reaction and passivation of the iron surface [14 -18]. The 
present work also shows the similar pattern of decrease in the initial concentration of substrate with time at a 
constant pH of 3.  However, the Fe(0)/ Cr(VI) pair includes several complex surface reactions in addition to 
the primary reactions stated above.  The mechanism and kinetics of those reactions are yet to establish. Hence 
instead of rigorous model one has to explore the scope of statistical model of this continuous reaction. Though 
the present authors modelled the batch reaction [11], modelling and simulation of the continuous process is 
under the scope of future work. Time-concentration data were plotted for each outlet of the column (Fig. 2). 
All the profiles were of the same nature.  Up to the breakthrough point of approximately 10 minutes, the 
concentration of Cr(VI) decreased and after the breakthrough point, it gradually increased to a constant value 
approaching the inlet concentration.   
The constant concentration of Cr(VI) indicates that the extent of iron surface passivation had also reached 
a constant value. Inset of Fig. 2 describes the time-concentration profile of the samples obtained from the 
outlet 4 at various initial concentrations. The constant concentration decreased with increase in the distance 
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from the inlet.  All these observations were similar to those obtained by Gheju and Balcu [9].  With increase 
in concentration, the breakthrough-time decreased because of the fact that higher concentration of Cr(VI) 
passivated the steel wool more rapidly. It was also observed that the extent of reduction was the maximum in 
case of substrate concentration 50 mg/L. Fig. 3 describes the time-concentration profile of the samples 
obtained from the outlet 4 at various pH. It was observed that other experimental conditions remaining 
unchanged; the degradation obtained at a particular outlet (outlet 4here) was more for solution with less pH.  
The stoichiometry of the reaction (Eqn. 1) requires 14 moles of hydrogen ions, which corresponds 7 moles of 
H2SO4 for 2 moles of Cr(VI). It is obvious that the reduction efficiency is highly dependent on acid 
concentration. The extent of reduction of hexavalent chromium gradually decreases with increase in pH. 
 
Fig. 2. Time-concentration profile at different outlets of the column with 100mg/L initial concentration and pH 3. 
Inset: Effect of substrate concentration on the Cr(VI) reduction in a column at outlet-4 
 
Fig. 3. Effect of pH on the Cr(VI) reduction in a column at outlet 4 
Reduction of hexavalent chromium was accompanied by an increase in pH up to the break-through point, 
afterwards, the pH of the effluent continuously decreased until it reached a constant value. The increase of pH 
may be attributed to the corrosion of iron surface and reduction of Cr(VI) whereas the decrease in pH may be 
caused by the passivation of the reactive iron surface. This observation was also supported by Gheju and 
Balcu [9].   
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4. Conclusion 
From the above study it was observed that steel wool, a waste material, packed in a continuous-flow 
column, as very effective for reducing hexavalent chromium present in wastewater. The extent of reduction 
decreased with increase in both initial substrate concentration and pH. Breakthrough time increased with 
decrease in initial concentration, but was nearly independent of pH.  After breakthrough, the concentration of 
hexavalent chromium gradually increased until the constant concentration approaching the initial 
concentration was attained. This constant value decreased with increase in the distance of the sampling 
point/outlet from the inlet.  Further studies can be done by altering the volumetric flow rate of the continuous 
flow reactor.  The results may be used for scale-up.  Other varieties of scrap iron may also be used. 
Acknowledgements 
University Grants Commission, Govt. of India, MRP [F. No. 34-395/2008 (SR) dated 26.12.2008] 
References 
[1] Barnhart J. Occurrences, uses, and properties of chromium. Regul Toxicol Pharm 1997; 26:S3–S7. 
[2] Gheju M. Chromium and the environment. Politechnica Publishing House: Timisoara; 2005. 
[3] Puls RW, Blowes DW, Gillham RW. Longterm performance monitoring for a permeable reactive barrier at the U.S. Coast Guard 
Support Center, Elizabeth City, North Carolina. J Hazard Mater 1999; 68:109-124. 
[4] Blowes DW,  Ptacek CJ,  Benner SG, McRae CWT,  Bennett TA,  Puls RW. Treatment of inorganic contaminants using 
permeable reactive barriers. J Contam Hydrol 2000;45:123-137. 
[5] Mitra P, Sarkar D, Chakrabarti S, Dutta BK. Reduction of hexa-valent chromium with zero-valent iron: batch kinetic studies and 
rate model. Chem Eng J 2011;171:54–60. 
[6] Ozer A, Altundo˘gan HS, Erdem M, Tumen F. A study on the Cr (VI) removal from aqueous solutions by steel wool. Environ 
Pollut 1997; 97:107–112. 
[7] El-Shazly AHA, Mubarak A, Konsowa AH.  Hexavalent chromium reduction using a fixed bed of scrap bearing iron spheres. 
Desalination 2005;185:307–316. 
[8] Gheju M. Balcu I. Hexavalent chromium reduction with scrap iron in continuous-flow system. Part 2: Effect of scrap iron shape 
and size. J Hazard Mater 2010;182:484–493. 
[9] Gheju M. Balcu I. Removal of chromium from Cr(VI) polluted wastewaters by reduction with scrap iron and subsequent 
precipitation of resulted cations. J Hazard Mater 2011;196:131-138. 
[10] Gheju M , Iovia A, Balcu I. Hexavalent chromium reduction with scrap iron in continuous-flow system, Part 1: Effect of feed 
solution pH. J Hazard Mater 2008;153:655-662. 
[11] Mitra P, Prantik B, Sarkar D, Chakrabarti S. Utilization of Commercial steel wool for the reduction of hexavalent chromium in 
aqueous solution – batch kinetic studies and rate model. Int J Environ Sci Te 2013; published online, DOI 10.1007/s13762-013-0219-y. 
[12] Eary LE, Rai D. Chromate removal from aqueous wastes by reduction with ferrous ion. Environ Sci Technol 1988;22:972-977.   
[13] Lv X, Jiang G, Xue X, Wu D, Sheng T, Sun C, Xu X. Fe0-Fe3O4 nanocomposites embedded polyvinyl alcohol/sodium alginate 
beads for chromium (VI) removal. J Hazard Mater 2013; 262;748-758   
[14] Melitas N, Chuffe-Moscoso O, Farrell J. Kinetics of soluble chromium removal from contaminated water by zerovalent iron 
media: corrosion inhibition and passive oxide effects. Environ Sci Technol 2001;35:3948-3953.  
[15] Williams AGB, Scherer MM. Kinetics of Cr(VI) reduction by carbonate green rust. Environ Sci Technol 2001;35:3488-3494. 
[16] O’Carrol D, Sleep B, Kroll M, Boparai H, Kocur C, Nanoscale zero valent iron and bimetallic particles for contaminated site 
remediation. Adv. Water Resour 2013; 51; 104-122. 
[17] Riviero-Huquet M, Marshall WD, Reduction of hexavalent chromium mediated by micron- and nano-scale zero-valent metallic 
particles. J. Environ. Monit 2009;11; 1072-1079 
[18] Gheju M, Hexavalent Chromium Reduction with Zero-Valent Iron (ZVI) in Aquatic Systems. Water Air Soil Pollut 2012; 222; 
103-148. 
